tent (ca. 0.6 mass%) identified the white layer as a hard martensite caused by the enhanced hardenability of Cr. The seamless and gradient F/P microstructure observed here has never been obtained in as-bonded steels using conventional fillers. This, the first instance of such a bond microstructure, is the result of three key features of the eutectic liquid from 1Cr-q: (i) the reaction with the steel surface, (ii) the rapid disappearance into g, and (iii) the minimized Cr fraction in q to avoid severe segregation.
Introduction
Liquid-phase bonding is widely used to produce complex-shaped or hollow parts and to join dissimilar materials. Ni-based amorphous fillers have been commercialized for the bonding of low machinable heat-resistant alloys. Unlike brazing alloys and solders, the amorphous fillers are intended to yield a transient-liquid-phase (TLP) during the bonding process. The TLP disappears during the hold at high temperature, and the bond strength can be comparable to those of the base alloys. Also, in the manufacture of steel machineries, the application of TLP bonding is expected to reduce machining time and thus save energy. With the development of various rapid heating processes, 1, 2) there is a strong demand for cutting processing time and cost.
Because of the fast diffusion of C in austenite (g), the bonding time will be greatly decreased if the Fe-C eutectic liquid controls the reaction. In the first stage of TLP bonding, 3) the emerging liquid dissolves the solvent element of the base materials to be in equilibrium with the solid surface. This rapid reaction accompanies a thin melt of base materials, which significantly enhances the bond strength.
Through a diffusion simulation, we investigated the behavior of liquid forming between ferrous high-carbon (FHC) materials and low-carbon base steels. 4, 5) Our calculations predict that the FHC foil consisting of monophase cementite (q) shows the most favorable liquid behavior. The eutectic liquid at the g/q interface thickens rapidly, exceeding the initial foil thickness, and reacts with the surface of the base steel. Experimental observations, obtained using a synthesized q foil, confirmed the dissolution of alloying elements of the C-Mn-Si base steel in the liquid.
The state of the monophase q is essential to the aforementioned thickening of the liquid layer. Since a partial substitution with Cr stabilizes q as a bulk material, 6) Cr was added to produce the monophase q from raw powders. At the same time, the partitioning between liquid and solid leads to a high segregation of Cr after liquid contraction. The Cr segregation causes local microstructural problems in the bond. Therefore, high-temperature homogenization is required. 7) A similar effect of stabilizing the q phase has been reported for Mn and Mo additions. 8) Cr is less expensive and more readily available than Mo among the alloying elements in steels. Compared to Mn, a smaller addition of Cr stabilizes the monophase q at 1 373 K, close to the eutectic temperature. As can be seen from the ternary phase diagrams in Fig. 1 calculated by Thermo-Calc, the lower limit of Cr addition is 0.75 mass%. Other results related to the stability of q are illustrated in Fig. 2 , which shows equilibrium phases for the stoichiometric compositions of Cr-substituted q: (Fe-xCr) 3 C. The Cr fractions (x) are 1, 2, and 5 mass%. It should be noted that the temperature range of the q single phase becomes narrower with decreasing x. This means that q synthesized at 1 373 K may decompose into aϩgraphite (Gr) on cooling to room temperature. With decreasing x, the solidus temperature (the lowest tempera- In our previous paper, the eutectic liquid that appears between the cementite (q) foil and austenite was proposed to be most suitable for rapid transient-liquid-phase (TLP) bonding of steels. A partial substitution with Cr was required for metastable q to be thermodynamically stable up to the solidus temperature. On the other hand, the liquid region disappeared quickly by C diffusion, leaving severe Cr segregation along the bonded interface. The present study aims to decrease the ratio of Cr substitution in q so as to eliminate the homogenization step and allow the use of steel parts as-bonded. Compared to q with a higher Cr substitution, the synthesized q with 1 mass% Cr (1Cr-q) showed an enhanced tendency to decompose on cooling from 1 373 K. However, the 1Cr-q foil was confirmed to give the eutectic liquid that dissolved V during TLP bonding of V-microalloyed steels. After holding for 180 s at 1 453 K, a gradient ferrite-pearlite microstructure was obtained in the bond without any boundaries or hard layers due to Cr segregation. The bonded steel showed a tensile strength and elongation corresponding to those of the original V-steel.
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ture of liq.ϩGrϩq) also decreases, to around 1 423 K, which is comparable to the Fe-C binary eutectic. A decrease in bonding temperature is advantageous so long as a sufficient liquid reaction occurs with the base steels.
In view of these effects, the first purpose of this work is to verify the stability of q with low Cr substitutions and examine how the eutectic liquid forms and disappears. Then, to explore the possibility of rapid TLP bonding without the need for homogenization, the microstructure and strength of bonded steels are investigated, comparing high/low-Cr-substituted q foils.
Calculation and Experimental Procedure

Prediction of Liquid Behavior
Multicomponent diffusion simulations were utilized to determine beforehand the effect of Cr in q on the behavior of the eutectic liquid. As discussed, both the maximum liquid thickness and the final alloy profiles in the bond are important for attaining high bond strength. One-dimensional half models have been set up using the CALPHADassisted software package, DICTRA.
9,10) Assuming a typical filler thickness of 50 mm, the q region has a thickness of 25 mm, and a 1-mm-thick g region was attached with a planar interface. The grid points in the finite difference scheme were arranged at even spacings of 0.2 and 2 mm for the q and g regions, respectively.
The software works in conjunction with the thermodynamic database TCFE3 for the calculation of driving force, phase equilibrium, and converts mobilities from the MOB2 database into chemical diffusivities of solute elements. Assuming local equilibrium, the software determines the diffusion-controlled velocity of a moving interface by an iteration procedure balancing all solute fluxes. On heating to the TLP bonding temperature, a liquid region is inserted between the two regions based on the driving force calculation. A very small driving force is reasonable for the formation of eutectic liquid; the critical value was preset to 1.0ϫ 10 Ϫ5 · RT J/mol (T: temperature, R: the gas constant). Thus, thickening and contraction of the liquid region can be simulated by tracking the positions of liquid/solid (L/S) interface(s).
The fraction of Cr in the q region was varied according to the formula (Fe-xCr) 3 C (hereafter denoted as xCr-q, xϭ 1, 2, 5 mass%). The base steel composition of Fe-0.2C-0.8Mn-0.2Cr (steel compositions are in mass%) was selected for the g region. Compared to the experimental based steel in Sec. 2.3, silicon was excluded from the simulation to avoid convergence problems, possibly because the solubility of Si in q was not considered in the database. Vanadium was also excluded, owing to the complexities in the FCC sublattice model, which vanadium carbide shares with g. Considering a rapid induction heating was employed, the simulation conditions were: a heating rate of 20 K/s from 1 123 K and a hold at temperatures from 1 453 to 1 503 K for 180 s.
Preparation of Cementite Foils
Respective nominal compositions of the xCr-q were blended with fine iron powders, graphite powders and Fe-17Cr alloy powders. The powders were mixed for 8 h in a ball mill and heated at 1 373 K for 1.8 ks to synthesize the q phase. Their stabilities against decomposition were compared by the fraction of q in water-quenched and slowly cooled powders (Ϫ5 K/min). By X-ray diffraction analysis (Cu-Ka, 40 kV, 30 mA), intensities of single peaks of q, Gr, and ferrite (a) were collected. The fraction of each phase was estimated from the intensity ratio of the selected two phases with those of known fractions in the as-blended powder (containing aϩGr) and AISI52100 steel (aϩq).
11)
The mixed powders were slurried by adding an appropriate amount of aqueous binder and formed into foils by the conventional Doctor-Blade method. The dried foils, approximately 50 mm in thickness, were then degreased at 673 K and sintered at 1 373 K for 1.8 ks in a nitrogenatmosphere furnace.
TLP Bonding and Mechanical Testing
TLP bonding using q foils were carried out in the argonfilled chamber of a hydraulic hot compression tester. As a high strength forging steel, a V-microalloyed steel (Fe-0.22C-0.78Mn-0.24Si-0.20Cr-0.27V, denoted as V-steel) was selected. The mating surfaces of the cylindrical specimens were 12 mm in diameter and subjected to bonding as-machined. A pair of specimens was placed between quartz anvils and a compression pressure of 4-5 MPa was applied throughout the test via the stroke control of a builtin spring.
The bonding temperature and time were 1 453 K and 180 s, respectively. The induction heating rate of 20 K/s was feedback-controlled using a thermocouple welded onto the specimen. To observe the formation and disappearance of the liquid phase, the heating was interrupted by water sprayed from a surrounding coil pipe directly onto the specimens. The "quenched" microstructures were observed by an optical microscope. In addition, an electron-probe microanalyser (EPMA) was used to measure line profiles of the alloying elements in the cross sections perpendicular to the mating surface.
A constant cooling rate of 1.25 K/s was applied after the temperature hold of the bonded steel bars. A 2-mm-thick plate specimen was cut out along the longitudinal direction and its bond strength was measured for its parallel part (10 mm long and 3 mm wide). The tensile test was carried out at room temperature and a deformation speed of 0.05 mm/min.
Results and Discussions
Effect of Cr in Cementite on the Eutectic Liquid
Our simulations 5) have revealed that in the case of 5Cr-q, the solid dissolution of q occurred during heating and afterwards a liquid region was newly formed at 1 470 K. Using a similar scheme, the calculated change in thickness of the liquid region is compared in Fig. 3(a) against elapsed time. The holding temperatures were 1 473 K and 1 503 K for 1Cr-q and 1 503 K for 2Cr-q and 5Cr-q. The results clearly predict that the q foil with smaller x provides a thinner liquid layer for the heating and hold at 1 503 K. In particular, the thickness of liquid from 1Cr-q reaches a value slightly larger than the initial q thickness and remains close to the maximum for several seconds. Decreasing the temperature to 1 473 K does not change the maximum liquid thickness of 1Cr-q, but does decrease the dwell time.
The details of the rapid change in C profiles accompanying the thickening of the liquid layer was discussed in our previous work. If local equilibrium is assumed for the two L/S interfaces, the C contents of the liquids in contact with q (C Liq/q ) and g (C Liq/g ) differ: It has been shown that C Liq/q is higher than C Liq/g until the q phase finishes melting and the liquid continues to thicken while C Liq/q decreases, which results in a homogeneous liquid. On the basis of the results in Fig. 3(a) , the substituted Cr is thought to affect the difference between the two equilibrium C contents and alter the liquid behavior, e.g., the maximum thickness and dwell time.
After holding for 180 s, the liquids disappear completely and leave the profiles of Mn/Cr concentrations in Figs. 3(b) and 3(c), respectively. Since the liquid reacted with the g phase in the base steel, the dissolution of Mn is predicted to occur throughout the solidified region for all xCr-q. However, due to the partitioning between liquid and solid, the Mn concentration is lower than that of the base steel and increases toward the center, the final position of solidification. Regarding the effect of Cr in q, the Mn content in the bond decreases with decreasing x, but it is predicted to recover when the temperature is lowered to 1 473 K for 1Cr-q. These changes have been elucidated by thermodynamic calculations to be the effect of Cr on the partitioning coefficient of Mn.
In addition, calculations of g-liquid tie lines give rough estimates on the Cr content left in the contracting liquid: At 1 503 K, it goes up to 8 mass% in the case of 5Cr-q and 1.5 mass% for 1Cr-q while decreasing the total C content. These Cr concentrations are close to the peak values of the simulated profiles. As expected, the Cr segregation is much less severe in the solidified region of the liquid from lowCr-substituted q. Thus, considering the benefits of decreasing x, 1Cr-q has been proposed as the best filler material for ultra rapid TLP bonding without homogenization. Figure 4(a) shows the X-ray diffraction patterns of 2Cr-q powders quenched from 1 373 K (labeled "2Cr-WQ" in figure ) or cooled at 5 K/min (2Cr-5 K/min). These represent the many peaks of q, and the degree of decomposition into aϩGr is known from the relative intensities of Gr (002) and a (200). Figure 4(b) summarizes the effect of Cr on the phase fraction of the synthesized xCr-q powders. The cementite phase constitutes more than 90% of the quenched powders ("xCr-WQ" series) regardless of x. In contrast, the q fractions decrease in the slowly cooled powders ("xCr-5 K/min" series), particularly for small x, as a result of decomposition during cooling. These are the effects of Cr on phase stability (Fig. 2) . The enhanced tendency to decompose suggests that the 1Cr-q foil prepared is not a complete monophase, which may result in liquid behavior unlike that predicted by the simulations.
Phase Stability of Low-Cr-substituted Cementite
In situ observation 12) would help to confirm the simulation result that the eutectic liquid forms first at the q/g interface and reacts slightly with the base steel. However, in the present study, a number of interruption tests were carried out to capture the rapid change occurring in the internal microstructure.
Formation and Disappearance of Eutectic Liquid
Cross-sectional microstructures of the V-steel are shown in Figs. 5(a)-5(e) , including those interrupted during the 20-K/s-heating of TLP bonding with 5Cr-q or 1Cr-q foils. The base steel on both sides transformed to martensite and a band of retained g is formed along the central layer in which the q foil was located. The morphology and thickness of the central layer change rapidly as the interrupted temperature is increased. At 1 413 K in Fig. 5(a) , the layer exhibits a mixed microstructure of fine dendrite and white blocky grains. EPMA line scans reveal that the dendrites contain 4 mass% C, while the grains contain higher C and roughly 6 mass% Cr locally. Thus, the dendrites and grains are concluded to be the "quenched" eutectic liquid and unmelted 5Cr-q, respectively. The microstructure changes to a homogeneous dendritic layer at 1 423 K in Fig. 5(b) , indicating that the 5Cr-q foil was fully melted. In only 1.5 s, the liquid thickness decreases significantly, to a few microns at 1 453 K in Fig. 5(c) .
The liquid forms and recedes at temperatures 10-20 K lower in the case of the 1Cr-q foil. As seen in Fig. 5(d) , the foil remains in solid form at 1 393 K and more than half of the microstructure consists of unmelted q (white area). After this, it seems that a thin liquid layer quickly dominated the interface and no information on halfway melting was available from the interruption tests at 1 403 and 1 413 K. At 1 423 K in Fig. 5(e) , the dendrite layer begins to disappear in a discontinuous manner. The average thickness is 15 mm, which is around 1/3 of those observed for the 5Cr-q foil at the same temperature. The liquid must disappear faster than in the simulation because it flows out of the mating surface experimentally. However, the influence on the amount of liquid is assumed to be small since it solidifies as soon as it flows out. Thus, the decrease in both the thickness and temperature of the observed liquid with 1Cr-q agrees with the calculated tendency in Fig. 3(a) .
In these experiments, the lowest temperatures at which a liquid (dendrite) are observed are 50-70 K lower than in the simulation. The causes for this discrepancy are unknown, but presumably include the following: i) overheating due to the delay in the water spray during rapid heating; ii) silicon from raw powders and base steel would reduce the experimental eutectic temperatures; iii) absorbance of latent heat by the fusion of q would also reduce the local temperature of specimens, which was not taken into account in the simulation.
It should be noted that even with these uncertainties in the liquid behavior, the liquid from the q foil disappears far more rapidly than when using conventional TLP fillers. In addition, the alloying elements Mn, Si and V are detected within the dendrite layer by the line analysis in Fig. 5(f) . This shows that the liquid from the 1Cr-q reacted with the surface of the V-steel. Fine V carbonitride precipitates in polygonal ferrite (a) during natural cooling, and the V-steel takes on well-balanced mechanical properties with a ferrite-pearlite (F/P) microstructure.
13) Long-range solid diffusion of V cannot be expected to occur and therefore dissolving V in the liquid is crucial for attaining a comparable bond strength. Because of partitioning, the concentrations of these solute elements are low in the vicinity of the contracting liquid. However, the difference will become small after 180 s at 1 453 K, as shown in the next section. Figure 6(a) shows the cross-section of the V-steel bonded for 180 s using the 1Cr-q foil. The cooling rate was controlled for the base steel to transform into F/P. The fraction of pearlite increases continuously from the base steel to the bond center and there is no trace of a bonded interface in the "gradient" F/P microstructure. Given that polygonal a preferentially nucleates on g-grain boundaries, it is inferred from the morphology obtained that g grains swept the bonded interface prior to the phase transformations. Figure 6 (b) shows the bond obtained using the 5Cr-q foil, held for 180 s and cooled at the same rate. A hardto-etch layer remains (white strip) along the interface. Measurement of the Vickers hardness (ca. 800 Hv) and C con-tent (ca. 0.6 mass%) identified the white layer as a hard martensite caused by the enhanced hardenability of Cr.
Microstructure and Bond Strength after Controlled Cooling
The seamless and gradient F/P microstructure observed here has never been obtained in as-bonded steels using conventional fillers. This, the first instance of such a bond microstructure, is the result of three key features of the eutectic liquid from 1Cr-q: (i) the reaction with the steel surface, (ii) the rapid disappearance into g, and (iii) the minimized Cr fraction in q to avoid severe segregation.
In Fig. 7 , stress-displacement relationships of the bonded steels are compared in (a) and the appearances of the broken specimens are shown in (b). The specimen bonded with the 5Cr-q filler has been broken at the center of the bond interface and the poor elongation is attributed to the hard white layer. On the other hand, the specimen bonded with the 1Cr-q filler shows the elongation and tensile strength both comparable to those of the V-steel prepared in the same heating history (1453 K for 180 s, cooled at 1.25 K/s). And the fracture surface is out of the bond interface, probably due to its strengthening by the increased pearlite fraction.
If these microstructure and bond strength can be reproduced in general machineries, it would become possible to use bonded machineries equally as conventional ones. For bonding of a large-area steel surface, it is crucial to promote a homogeneous reaction of the eutectic liquid studied in this work. Therefore, future development will include additives to achieve high wettability of the liquid.
Conclusion
The effect of Cr was intensively investigated with respect to the stability of monophase q and the behavior of eutectic liquid emerging in contact with steels. As a filler material candidate, the following conclusions were drawn from the diffusion simulations and TLP bonding of V-microalloyed steel using 1Cr-q:
(1) A low Cr substitution in q decreased the maximum thickness and formation temperature of the liquid. At the same time, the use of low-Cr-substituted q, such as 1Cr-q, significantly reduced the Cr segregation in the bond, as compared with the case of 5Cr-q.
(2) Though partial decomposition occurred in the synthesized 1Cr-q foil, the prediction was confirmed in the interrupted experiments by the fact that the alloying elements dissolved from the V-steel into the eutectic liquid.
(3) After holding at 1 453 K for 180 s and controlled cooling, the bond of the V-steel using 1Cr-q has a ferritepearlite microstructure without boundaries or intermediate layers. The bonded steel exhibits a strength and elongation corresponding to the original V-steel.
